Introduction {#s1}
============

Working memory serves simultaneous information, storage, and processing functions (Baddeley, [@B1]). According to the multi-component model proposed by Baddeley (Baddeley, [@B1], [@B2]; Baddeley and Logie, [@B3]), working memory is composed of two storage buffers: the phonological loop for storing verbal information and the visuo-spatial sketchpad for the storage of visual information. Because working memory resources are limited, an executive system assigns and coordinates these limited resources for storing and manipulating information (Daneman and Carpenter, [@B19]; Baddeley and Logie, [@B3]; Engle et al., [@B22]).

Working memory impairments are commonly found in older adults. In particular, older individuals often have difficulty performing dual tasks that require both storage and processing (Salthouse, [@B48]; West, [@B52]; Craik and Salthouse, [@B15]). It has been proposed that vulnerability of the frontal lobes accounts for the age-related impairments in memory functioning found in older adults (Raz et al., [@B46]; Raz, [@B45]; Madden et al., [@B31]). In accordance with this hypothesis, decreased prefrontal cortex (PFC) activation has been found in older adults through neuroimaging studies (Bunge et al., [@B6]; Cabeza, [@B8]). Age-related reductions in the ability to suspend non-task-related activity and engage areas for carrying out memory tasks have also been reported (Grady et al., [@B24]).

Several studies have examined whether training improves working memory in older adults (Nyberg et al., [@B34]; Erickson et al., [@B23]). Erickson et al. ([@B23]) found that dual-task training induced performance improvements which were correlated with an increase in hemispheric asymmetry and a reduction in age differences in ventral and dorsal PFC activation. The investigators argued that these results provide evidence of brain plasticity in older individuals. Other studies indicated that training in the *n*-back task, which requires executive control of working memory, is associated with improvements in the working memory performance of older adults (Dahlin et al., [@B17]; Li et al., [@B26]). Dahlin et al. ([@B18]) showed that training in updating information, which requires executive function in working memory, improved significantly in young and older adults relative to controls. Based on these reports, it is likely that the dual-task deficits typically observed in older individuals are caused not only by a decreased ability to maintain information in working memory, but also by deficits in the executive processing system.

The neural basis of the working memory system, particularly executive functioning, is thought to be located in the PFC; recent neuroimaging studies have suggested that the executive system is located in the dorsolateral PFC (DLPFC, BA9/46) and anterior cingulate cortex (ACC) (D\'Esposito et al., [@B20], [@B21]; Smith et al., [@B50]; Cohen et al., [@B12]; Owen et al., [@B42]; Smith and Jonides, [@B49]; Bunge et al., [@B6]; Osaka et al., [@B38], [@B39]; Linden, [@B27]). The brain regions underlying working memory appear to drive different executive functions. The DLPFC supports the active maintenance of attention on task goals, whereas the ACC serves as an attentional coordinator, which enables individuals to inhibit inappropriate stimuli while monitoring task performance (MacDonald et al., [@B30]). ACC activation appears to increase when cognitive tasks require greater attentional demands (Petersen et al., [@B43]; Posner and Petersen, [@B44]).

Osaka et al. ([@B38], [@B39]) used the reading span test (RST) to compare PFC activation in high-performing normal young adults with those of low performers, and found that ACC and DLPFC activation was greater in high versus low performers. The RST is a commonly used dual task developed to measure working memory resources available for reading sentences and storing a target word associated with each sentence (Daneman and Carpenter, [@B19]; Just and Carpenter, [@B25]). Individual differences in working memory capacity are likely derived from recruited activity shared in the DLPFC and ACC (Osaka et al., [@B38]). In addition to these results for young adults, our previous research in older adults showed less ACC activation relative to younger individuals (Otsuka et al., [@B40], [@B41]). Based on these findings, it is plausible to assume that working memory impairments in older adults are due to ineffective attentional coordination, as supported by a network including the ACC and DLPFC.

In the present study, we investigated the effect of attentional coordination training on dual-task performance in older adults. Strategic training is considered to be an effective method for increasing working memory performance (McNamara and Scott, [@B32]). For example, strategic training using visual imagery produces increased correct recall performance when older individuals perform a paired association task (Yesavage, [@B53]; Carretti et al., [@B10]). In our previous study (Osaka and Nishizaki, [@B36]) we found that high-RST performers tended to use a mental imagery strategy more often than low-RST performers, who appear to restrict themselves to verbal rehearsal. Based upon Baddeley\'s multi-component model of working memory (Baddeley, [@B2]), we introduced for the first time a unique training task that required participants to switch attention from verbal to visual images, (i.e., switching from phonological information to visuo-spatial information), with the intention that this approach would strengthen the executive control function of working memory in older adults. To our knowledge, there have been no published reports on the use of visual image formation as a training strategy to improve working memory in older adults. We hypothesized that attention switching training through the use of image formation would improve elder participants\' working memory performance.

To investigate the neural substrates underlying such training effects, we measured fMRI activation while participants performed a working memory task (the RST) before and after the training period. We hypothesized that this training of attention switching from verbal to visual images activated brain regions related to attentional control. Moreover, it is predicted that an activation increase would be found in both the left and right hemispheres according to the engagement of phonological and visuo-spatial information processing simultaneously.

Materials and methods {#s2}
=====================

Participants
------------

Fifty volunteers participated in the experiment. All participants reported that they had no history of neuropsychological or psychiatric disease and all were right-handed. Their educational levels ranged from 9 to 16 years (mean = 12.76, SD = 1.9).

Participants performed the RST in a preliminary behavioral screening using a paper version. In the RST, participants were required to read aloud sets of one to five sentences presented one at a time and to remember a target word for each sentence. Each sentence condition included five trials, and all participants completed five total trials in the experiment. Span score was calculated as the highest level at which a participant could recall all words from the list in three of the five trials. Overall performance on the RST was assessed in terms of the total number of words recalled. RST scores of the participants ranged from 1.5 to 4.0.

Both the training and control groups were matched for age, educational level, and RST estimates in the screening test. Pre-test, training, and post-test sessions all occurred on the same day. Twenty-five participants (17 males and eight females, age range = 63--73 years, mean = 68.08, SD = 2.7, educational level range = 9--16, mean = 12.0, SD = 2.3) participated in the strategy training (training group), whereas the other 25 (15 males and 10 females, age range = 63--75 years, mean = 68.50, SD = 3.4, educational level range = 9--16, mean = 11.8, SD = 2.0) did not receive training (control group). The initial RST scores of both groups fell within the same range, from 1.5 to 4.0 (mean = 2.22 in the training group, mean = 2.19 in the control group). Informed consent was obtained from each participant, in accordance with the protocol approved by the Advanced Telecommunications Research Institute International Brain Imaging Center Review Board. All participants were paid a modest honorarium for their participation in the study.

Visual imagery training procedure
---------------------------------

Specific training was provided in the form of a modified RST that required participants to read three sentences and remember three target words. During the training period, participants practiced imagining a target word by drawing a figure that represented the word. Drawing the figures required participants to switch their focus of attention from verbal to visual images. For example, as the sample protocol in Figure [1](#F1){ref-type="fig"} shows, participants were asked to draw the figure of the jet plane using a black pencil when the target word indicated "travel."

![**Examples of participant\'s figure drawings (right) of the target word (left)**.](fnhum-06-00024-g0001){#F1}

In the first part of the training, as Figure [1](#F1){ref-type="fig"} shows, participants read aloud one sentence and then drew a figure representing the target word on a piece of paper within 60 s. Although producing these drawings was initially challenging, the task became easier with practice. In the second part of the training, participants were asked to form a mental image of a figure representing the target word, instead of drawing the image on paper. Both parts of the practice training consisted of 20 trials composed of three sentences each and took approximately one hour. Participants in the control group read the same sentences and remembered the target words without being instructed to draw or imagine any figures. The number of trials was the same as the training group. Time was limited to 30 min in the first training session and 25 min in the second training session. The control group spent the same amount of time with the material as the training group. None of the participants in the training or control groups exceeded the time allotted.

Experimental procedure
----------------------

Each participant was tested on the RST task during both pre- and post-training experimental sessions. The post-training RST experimental session was performed after the training (control training for the control group). The post-training session began approximately 2 h after the end of the pre-training session for both groups. In the experimental sessions, only three sentence trials were performed, and participants read each sentence silently. In the preliminary screening RST, most participants could not remember three target words while they read three sentences aloud. Therefore, we adapted a recognition method to make task performance easier. Participants were instructed to make recognition judgments about probe stimuli (i.e., deciding whether each stimulus was a target word or not) rather than recall the words orally. They were required to read three sentences silently while concurrently remembering three target words in each of the sentences. Each sentence appeared within 6 s, and participants were required to push a button after they finished reading each sentence. After three sentences were presented for a given trial, three probe stimuli appeared at 6 s intervals in the same order as the sentences. Each probe stimulus comprised one word. When participants identified the target in the probe array, they pushed the left key to identify a word as "in set" and the right key to identify a word as "out of set." Half of the probe words were targets while the other half were not.

Figure [2](#F2){ref-type="fig"} shows an RST experimental block (modified RST fitted to an fMRI experiment). One experimental RST block comprised three sentences in the reading phase (each lasting 18 s) and an 18 s recognition phase. RST blocks were repeated 16 times in one session. A control condition lasting 18 s was inserted between experimental RST blocks. During the control condition, participants pushed the right and left keys when the words "right" or "left" appeared on the screen. Stimulus sentences ranged from 18 to 24 character lengths (mean = 21.5) and were presented on the screen within a visual angle of 45°, using a mirror attached to a head coil. The target word that the participants were instructed to memorize was underlined in each sentence. The position of the target word in the sentence was counterbalanced across trials. RST blocks were repeated 16 times in post-training session, which was identical to the pre-training session. The RST and control conditions were repeated in the same order during the post-training session, but the stimulus sentences changed so that participants never read the same sentence twice.

![**Experimental time course of the RST.** One experimental block comprised three sentences. After three sentences were presented, three probe stimuli appeared at 6 s intervals. Reading and recognition phases each took 18 s, followed by an 18 s baseline condition.](fnhum-06-00024-g0002){#F2}

fMRI data acquisition and analysis
----------------------------------

Whole brain imaging data were acquired on a 1.5-T MRI scanner (Shimazu-Marconi Magnex Eclipse), using a standard head coil. Head movements were minimized using a forehead strap. For functional imaging, a gradient-echo echo-planar imaging sequence with the following parameters was used: Repetition time (TR), 2000 ms; echo time (TE), 48 ms; flip angle, 80°; field of view (FOV), 22 × 22 cm; and matrix, 64 × 64 pixels. In one experimental session, 376 contiguous images and 20 slices each with a 6 mm thickness were obtained in the axial plane for each participant. After image collection, T1 anatomical images using a conventional spin echo pulse sequence (TR = 12 ms, TE = 4.5 ms, flip angle = 20°, FOV = 25.6 × 25.6 cm, and pixel matrix = 256 × 256) were collected for anatomical co-registration at the same locations as the functional images. Scanner sequences were synchronized with stimulus presentation using Presentation stimulus software (Neurobehavioral System, Inc.). Data were analyzed using SPM2 (Wellcome Department of Cognitive Neurology, London, UK) on Matlab (MathWorks, Sherborn, MA).

Analysis of fMRI data was initially performed for each individual participant for each pre- and post-training session. Six initial images from each scanning session were discarded from analysis in order to eliminate non-equilibrium effects of magnetization, leaving 369 total images for analysis. All functional images were realigned to correct for head movement. We selected images with less than 1 mm movement between scans. After realignment, the anatomical images were co-registered to the mean functional images. Functional images were then normalized with the anatomical image and spatially smoothed using a Gaussian filter (7 mm full width-half maximum). The box-car reference function was adopted for individual analysis to identify voxels under each task condition. Global activity for each scan was corrected using grand mean scaling. Low-frequency noise was modeled using hemodynamic response functions and the corresponding derivative. Single participant data were analyzed using a fixed-effects model, whereas group data from pre- and post-training sessions were analyzed using a random-effects model. Extraction of ROI data and computation of percent signal change of each ROI was performed using MarsBaR (Brett et al., [@B5]). As a comparison between post- and pre-training sessions, we performed a paired *t*-test to examine the effect of training (post-training vs. pre-training) in each ROI. A statistical threshold of *p* \< 0.05 was used.

Results {#s3}
=======

Behavioral performance
----------------------

Recognition accuracy and response times during the experimental RST were calculated for both pre- and post-training phases. In the training group, the mean percentage recognition accuracies were higher in the post- than in the pre-training session (pre-, 90.33%, SD = 11.70; post-, 97.60%, SD = 5.80). However, in the control group, there was little apparent difference between pre-training and post-training sessions (pre-, 90.43%, SD = 10.70; post-, 91.20%, SD = 9.13). A Two-Way analysis of variance (ANOVA) of group × session showed a significant main effect of training, *F*(1,48) = 6.26, *p* \< 0.05. The interaction between group and session was also significant, *F*(1,48) = 9.59, *p* \< 0.01, such that a significant increase in the post-training session was found only in the training group (Tukey\'s HSD *post-hoc* analysis, *p* \< 0.01). Mean response times for the training group were 1454 ms (SD = 418.29) in the pre-training session and 1350 ms (SD = 339.38) in the post-training session. The control group response times were 1543 ms (SD = 482.00) in the pre-training session and 1436 ms (SD = 409.00) in the post-training session. A Two-Way ANOVA showed a main effect of training, *F*(1,48) = 19.60, *p* \< 0.01. There was a non-significant tendency toward an interaction between group and session, *F*(1,48) = 3.06, *p* \< 0.08. However, there was a significant post-training RT decrease in the training group (Tukey\'s HSD *post-hoc* analysis, *p* \< 0.01).

After the post-training session, all participants in the training group reported that they had used an imagery-based strategy to perform the post-training task. However, in the control group, most of the participants (20/25) used verbal rehearsal and five participants used both verbal rehearsal and visual imagery. These five participants did not show any performance increase.

fMRI results
------------

Figure [3A](#F3){ref-type="fig"} shows areas of increased activation after training, compared using paired *t*-tests between the pre- and post-training sessions (voxel-level threshold uncorrected for multiple comparisons, *p* \< 0.0001). We applied an uncorrected criterion to focus upon specific regions where increased activation had previously been reported for younger adults performing the RST (Bunge et al., [@B6]; Osaka et al., [@B38], [@B39]). The figures on the left side show activations for training participants, and those on the right show activations for control participants.

![**(A)** Areas of significantly increased activation after the training, as determined by paired *t*-test between the pre- and post-training session. The figures on the left side show activations for the training participants, and those on the right show those for the control participants. **(B)** Significant ACC activation (upper), left IPL activation (middle), and right IPL activation (lower) by paired *t*-test between the pre- and post-training session.](fnhum-06-00024-g0003){#F3}

Figure [3B](#F3){ref-type="fig"} displays areas for which there was significantly increased activation after training (voxel-level threshold uncorrected for multiple comparisons, *p* \< 0.0001). Figure [3B](#F3){ref-type="fig"} shows significantly increased activation in the ACC (*x, y, z* = −12, 22, 28, based on MNI coordinates, *Z*-score = 3.33, *t*-value = 3.81, *p* \< 0.0001, uncorrected), which was observed only in the training group. Increased activation during the post-training session was also found in the left (*x, y, z* = −60, −24, 48, *Z*-score = 4.22, *t*-value = 5.22) and right inferior parietal lobule (IPL) (*x, y, z* = 40, −32, 68, *Z*-score = 3.49, *t*-value = 4.03). An activation increase was also found in the right superior parietal lobule (SPL) (*x, y, z* = 30, −66, 56, *Z*-score = 3.14, *t*-value = 3.53; not shown in the Figure [3](#F3){ref-type="fig"}). In the control participants, we could not find any areas showing significant differences between pre- and post-training sessions. Furthermore, we could not find any areas for which there was significantly increased activation after training in the recognition phase both for experimental and control groups.

Signal intensity
----------------

The ACC, bilateral DLPFC, bilateral IPL, and bilateral SPL were specified as the regions of interest (ROI) for detecting signal changes. Following the identification of activated areas, percent signal changes in each ROI were obtained for both training and control groups. Time-course data were obtained for the local-maxima of each ROI for each participant. Mean percent signal change was calculated by subtracting the mean blood oxygenation-level-dependent (BOLD) signal at baseline from signals observed during the pre- and post-training sessions.

Figure [4](#F4){ref-type="fig"} shows mean signal changes in each ROI during the pre- and post-training sessions in the training and control groups. Two-Way ANOVAs of group × session were performed for the ROIs. Analyses were performed using the STATISTICA software package (StatSoft). A significant interaction between session and group was found for the ACC region, *F*(1,48) = 6.93, *p* \< 0.01. Training effects were found in the training group (Tukey\'s HSD *post-hoc* analysis, *p* \< 0.05). A significant main effect of session \[*F*(1,48) = 5.09, *p* \< 0.05\] and an interaction between session and group \[*F*(1,48) = 5.80, *p* \< 0.05\] were also found for the left and right IPL. For the right IPL, training effects in signal intensity increases were found in the training group (by Tukey\'s HSD *post-hoc* analysis, *p* \< 0.05) but not the control group. Similarly, training effects were also found in the left IPL in the training group (*p* \< 0.05) but not the control group. A significant main effect of session \[*F*(1,48) = 7.04, *p* \< 0.05\] and an interaction between session and group \[*F*(1,48) = 4.80, *p* \< 0.05\] were also found for the right SPL, with the signal change actually increasing after training (Tukey\'s HSD *post-hoc* analysis, *p* \< 0.05). However, training effects in the recognition phase were not significant in these three regions for either the training group \[*F*(1,48) = 1.13∼ 2.23, *p* = 0.26∼ *p* = 0.13\] or the control group \[*F*(1,48) = 0.81∼ 2.24, *p* = 0.37∼ *p* = 0.14\].

![**Mean percent signal changes and SDs under training and control groups in each region of interest (ACC, bilateral DLPFC, bilateral IPL, bilateral SPL) during pre- and post-training RST (^\*^*p* \< 0.05)**.](fnhum-06-00024-g0004){#F4}

Discussion {#s4}
==========

Increasing ACC recruitment
--------------------------

In the present experiment, we found relatively scarce ACC activation during the pre-training RST, and these results were in accordance with previous findings in older adults (Otsuka et al., [@B40]). Interestingly enough, ACC activation significantly increased in the post-training RST, likely due to the effects of training. The ACC has an attention coordination function, including inhibiting attention directed toward inappropriate stimuli, whereas the DLPFC more generally supports sustaining attention on task goals (MacDonald et al., [@B30]). Increased ACC activity is also reported to occur with errors on high-conflict trials such as go/no-go, oddball, and two-alternative forced-choice selections (Bush et al., [@B7]; Carter et al., [@B11]; Braver et al., [@B4]), suggesting that the ACC is active in conflict monitoring.

During the encoding phase of the RST in the scanner, participants needed to focus attention on the target words while inhibiting other irrelevant words in the sentence. Because the ACC potentially plays a role in perceiving conflicts between target and non-target words during the dual task, ACC impairment is associated with some deficits in exact executive control. Our participants likely did not have sufficient ACC activation in the pre-training session, leading to difficulties perceiving conflict between target and irrelevant words even if there was sufficient DLPFC activation to sustain attention to the target words. Therefore, without perceiving conflict during the encoding phase, participants face difficulty detecting differences between the target and non-target word during the recognition phase.

However, while participants performed the training task, they had to read one sentence at a time and then draw a figure representing the target word for each sentence. While they were drawing the figures (see Figure [1](#F1){ref-type="fig"}), participants could learn to switch attention from the target to its associated visual image code. Following such attention switching training (i.e., transferring from verbal to visual imagery), participant\'s likely experienced increased ACC activity as a function of increased attentional coordination. After the training, participants could more easily attend to targets and have more working memory resources available for both reading sentences and maintaining target words. With sufficient working memory resources, our participants could more easily assign the limited resources available for storage and processing during the RST.

Training appeared to promote ACC activation in the present study. With adequate coordination of attention, participants did not face a difficult conflict between the target and irrelevant filler words when they were required to recognize targets. Behavioral data also indicated better performance compared with performance during a pre-training RST. Moreover, response times decreased, which is seemingly indicative of increased confidence in correct responses after training.

Increased activation in the right IPL and SPL
---------------------------------------------

The present fMRI data showed that right IPL and SPL activation was more apparent during the post-training RST compared to the pre-training RST. Retention of verbal information in the phonological loop itself activates the left IPL, while spatial information activates the right homologues (Smith et al., [@B50]). In post-training, all participants in the training group reported performing the task using verbal to visual code switching strategies. A similar result was reported by Carretti et al. ([@B10]), who showed that strategic training using imagery to improve the memorization of word lists improved working memory performance in young and older individuals. According to Logie ([@B28]), the visuo-spatial sketchpad can be subdivided into a visual cache, involved in storing visual images, and an inner scribe, involved in the retention of spatial information via active rehearsal (i.e., by drawing in the current study). The increased right IPL activation observed during the post-training RST may have been evoked by a visuo-spatial inner scribe that was used to sustain images of the target words (Logie and Pearson, [@B29]). Using the visuo-spatial inner scribe, participants can share the working memory load across two subsystems, providing them with a more efficient attentional coordination system.

It is interesting that providing a visually based imagery strategy improved performance on a verbal task in the present study. These findings suggest the intriguing possibility that when a verbal store within a multi-component model shows age-related performance declines, an alternative visual store can possibly serve to compensate for the deficits.

Right IPL and SPL activation is thought to be involved in the basic attentional process of executive function. A recent study demonstrated that right IPL activity is associated with disengagement and reorienting of attention to a relevant word presented outside the current focus of attention, whereas the intraparietal sulcus (IPS) contributes to an attentional set for the task goal (Corbetta et al., [@B14]). Furthermore, the right IPL (along with the SPL) likely plays a role in attentional filtering, which is a process whereby irrelevant information is screened out and relevant information prioritized (Minamoto et al., [@B33]).

Osaka et al. ([@B35]) showed that increased left SPL activation coincided with attentional demands while performing a difficult RST requiring switching attention. While participants performed the difficult RST, the SPL appeared to play a role in reorienting attention and driving cooperative activity between the ACC and DLPFC. The SPL (including the lateral IPS area) is generally related to attentional processes (Culham and Kanwisher, [@B16]) and is specifically responsible for visuo-spatial attention and working memory (Wager and Smith, [@B51]). Activation in the posterior region supports the limited capacity of working memory (Linden, [@B27]). Thus, the SPL may potentially play a shared role in focusing attention along with DLPFC and ACC (Osaka and Osaka, [@B37]).

In the present study, bilateral activation was found in the IPL, which is often regarded as a mechanism that compensates for declining functional activity while performing working memory tasks (Cabeza et al., [@B9]; Reuter-Lorenz, [@B47]; Wager and Smith, [@B51]). It has also been suggested that reduced asymmetry in the PFC is compensatory when the homologous region can subserve a complementary role in task performance (Colcombe et al., [@B13]). When the attentional control system weakens, another system develops to compensate for any functional impairment. Bilateral IPL activation observed in the current study may serve as a compensatory system for impairments in working memory. In accord with previous suggestions (Wager and Smith, [@B51]; Colcombe et al., [@B13]), the observed right IPL activation possibly compensated for the declines in executive functioning with the help of the visuo-spatial inner scribe. This suggestion indicates that when one store becomes vulnerable to age-related decline, use of an alternative store, such as the visuo-spatial sketchpad, is a potentially reliable method to improve task performance in older adults. In the present experiment, we did not control the strategy use of the non-training group. If participants in the control group had adopted a visual imagery strategy, they might have shown a performance increase in behavioral and neural effects without training. Further investigation is needed to clarify the effects of strategy on working memory performance when only imagery instruction is provided. Moreover, the long-term effects of visual strategy training on working memory performance should be investigated in elderly populations. In addition, Grady et al. ([@B24]) suggested that there is a gradual, age-related reduction in the ability to suspend non-task-related or default-mode activity. Further study will be required to test default-mode activity in older individuals.

In sum, we found that training in a specific verbal to visual code switching strategy improved complex working memory task performance in older adults. After training, fMRI data showed an increase in ACC, bilateral IPL, and right SPL activation in the encoding phase.

Based on these findings, we suggest that age-related impairment in working memory performance is partially caused by ineffective attention coordination, as supported by the ACC in connection with the IPL and SPL. Training in dual task paradigms, which require compensatory strategies such as code switching, could be one potentially effective approach for coping with working memory deficits in aging.
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